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Abstract 
Degradation of the extracellular matrix is a critical step of tumor cell invasion.  Both 
protease-dependent and -independent mechanisms have been described as 
alternate processes in cancer cell motility. Interestingly, some effectors of protease-
dependent degradation are focalized at invadosomes and are directly coupled with 
contractile and adhesive machineries composed of multiple mechanosensitive 
proteins. This review highlights recent findings aimed at elucidating the roles of 
mechanosensing and mechanotransduction in directing the degradative activity at 
invadosomes. 
 
 
 
 
 
 
Abbreviations: BM: basement membrane; ECM: extracellular matrix; MMP: matrix metalloproteinases; H+: 
hydrogen ion; Na+ sodium ion; VGSC: voltage gated sodium channels; NHE-1: Na+/H+ exchanger 1; DPP4: 
Dipeptidyl-Peptidase; FAPa; Fibroblasts Activation Protein a; EGFR: epidermal growth factor receptor; ADAM: A 
Disintegrin And Metalloproteinase; HB-EGF: ligand heparin - epidermal growth factor; uPAR: plasminogen 
activator receptor; Src: non-receptor tyrosine kinase;  Ca2+; calcium ion; STIM1: Stromal interaction molecule 1; 
ER: endoplasmatic reticulum; Orai1 : Calcium release-activated calcium channel protein 1 ; MT1-MMP : 
membrane-tethered matrix metalloproteinases; TRPM7: Transient receptor potential melastatin ion channel 7; 
Transient receptor potential canonical ion channel 1; TRPV4: Transient receptor potential vanilloid ion channel 4; 
TRPC1:  CX3CL1: Chemoline C-X3-C motif ligand 1; CXCL16: Chemokine (C-X-C motif) ligand 16, proTNF: 
transmembrane tumor necrosis factor; RANKL: receptor activator of nuclear factor kappa-B ligand; DPP: 
Dipeptidyl-Peptidase; FAP: Fibroblasts Activation Protein; GPCR: G-protein-coupled receptors; JAK-STAT: The 
Janus kinase/signal transducers and activators of transcription; RGD: Arginylglycylaspartic acid; FHOD1: Formin 
Homology 2 Domain Containing 1; INF2: Inverted Formin, FH2 And WH2 Domain Containing; Tpm: tropomyosin; 
ROCK: Rho-associated protein kinase; NM II: Non-muscle myosin II; LIMK: LIM domain kinase 1; TIMP: tissue 
inhibitor of metalloproteinases; PI: phosphoinositide; F-BAR: Extended FCH Homology 
Bin1/amphiphysin/Rvs167; BAR: Bin1/amphiphysin/Rvs167; CIP4: Cdc42 Interacting Protein 4; Cdc42: Cell 
division control protein 42 homolog;N-WASp: Neural Wiskott-Aldrich syndrome protein; Arf-GAP: ADP-ribosylation 
factor GTPase-activating proteins; PIP2: Phosphatidylinositol 4,5-bisphosphate; PSTPIP1: Proline-Serine-
Threonine Phosphatase Interacting Protein 1; PACSIN 3: Protein Kinase C And Casein Kinase Substrate In 
Neurons 3; MHC-II: major histocompatibility complex 2; SOCE: store operated calcium entry; ER: endoplasmic 
reticulum; PKC: protein kinase C; Nav: Voltage-gated sodium channel; TPA : 12-O-tetradecanoylphorbol-13-
acetate. 
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Introduction 
The extracellular matrix (ECM) is the non-cellular component present within all 
tissues and organs.  It  has been seen for a long time as just a structural support for 
tissues, but now it is  very well known  that ECM is highly dynamic and versatile [1]. 
The ECM is characterized by its large heterogeneity in terms of composition, 
architecture and mechanical properties. It comprises basement membrane which 
delimits territories between tissues by providing  structural support necessary to 
underlie all epithelia and endothelia and by surrounding nerves, smooth muscle cells 
and adipocytes, [2–7], and interstitial matrix, which is primarily made by stromal cells. 
Basement membrane is more compact and less porous than interstitial matrix due to 
the different composition. The ECM, via  displaying a spectrum of adhesive ligands, 
cytokines and matrix-bound growth factors is able to transduce signals into the cells 
through both its physical properties, such as stiffness, porosity, and topology, as well 
as its biochemical properties [1]. Importantly, the composition of the ECM is not only 
diverse but also highly dynamic. It varies between tissue types under physiological 
conditions and is often altered with pathologies and aging [8,9]. Indeed ECM within a 
tissue is constantly remodeled as cells deposit and reorganize the ECM by degrading 
and reassembling it [10]. In that respect, focalized proteolysis is essential for the 
remodeling of ECM in multiple physiological processes, including bone resorption, 
immune surveillance,  organ development, and tissue communication [11]. This 
feature is also exploited by malignant cells to promote invasion and metastasis during 
cancer progression [12,13]. In case of invasion, metastasis, and tissue connexion, 
cells must disassemble, dissolve, deform, or perforate the ECM in order to penetrate 
it. Alternatively cells have to navigate the pore size which is dictated by the ECM 
density and cross-linking, which is known to also manifest in tissue stiffening in most 
solid tumors. All this is achievable due to the activity of ECM receptors such as 
integrins that provide physical link of cell cytoskeleton to the ECM and due to the 
activity of multifarious proteases present at the plasma membrane or within the ECM. 
This makes the ECM capable of regulating cellular functions, such as cell adhesion 
and invasion. These cellular functions requisite specialized structures such as focal 
adhesions and invadosomes that allow the interaction of the ECM to the cell [14]. 
Invadosome is a recent terminology that comprises invadopodia (present in tumoral 
cells) and podosomes (present in healthy cells) that play important roles in proteolytic 
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degradation of the ECM. In many cases proteolytic degradation of the ECM is tightly 
linked to the activity of matrix metalloproteinases (MMPs) [15–19], chemokines and 
nidogens [20–23]. The activity of ECM-modifying proteins, such as MMPs is not in 
itself sufficient to properly degrade the ECM as this dynamic process requires 
synergistic association with a variety of transmembrane cellular receptors, such as 
integrin and growth factor receptors, which are critical for modifying  cellular 
contractility and extracellular matrix stretching. In that respect, spatial organization 
and presentation of ECM-degrading components is critical in regulating this process. 
One method of delivering MMPs responsible for local degradation of the ECM 
components to sites where they are needed is via invadosomes. Invadosomes 
function to couple cellular contractile and degradative machineries based on both 
adhesive and non-adhesive receptors[24,25]. In past it has been challenging to 
visualize invadosome dependent matrix degradation in vivo due to their dynamicity 
and unpredictability. Nevertheless, recently several works have shown it  using 
different models such as mouse tumor models, zebrafish intestinal epithelia, and C. 
elegans organogenesis [26–32]. 
In this review we summarize recent insights into the interplay between 
mechanotransduction processes and ECM degradation by the invadosomes. We 
address the question whether mechanical force and membrane tension are required 
for ECM degradation by invadosomes. Further, we describe the relationship between 
mechanoreceptors and protease activity in invadosomes.  
 
Repertoire of proteases in invadosomes 
Proteases found at invadosomes present the ability to target both the components of 
the ECM and those of transmembrane receptors present at cell surface. These 
include MMPs, (both secreted and membrane-tethered, such as MMP9 and MT1-
MMP), the ADAM  family members, membrane-bound serine protease and the 
urokinase plasminogen activator receptor (uPAR) [33] (Fig1.).  
MT1-MMP: MT1-MMP (also known as MMP14), a membrane-anchored 
metalloproteinase, that is a central player of invadosome-mediated ECM degradation 
[34]. MT1-MMP is able to cleave both the ECM components, such as fibronectin, type 
I, II, and III collagen, laminins, vitronectin, aggrecans and zymogens like MMP2 and 
MMP9 [35–39].  
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ADAMs: ADAM family members, except some soluble splice variants, are multi-
domain type 1 transmembrane proteins. ADAMs is capable of modulating cell–matrix 
interactions via two mechanisms. First, they have the ability to disengage matrix 
receptors from substrates through their disintegrin domain.  Second, they are able to   
induce matrix remodeling through direct cleavage and activation of matrix proteins 
such as chemokines, cytokines and growth factors. The latter ones are expressed as 
proforms at the cell membrane including CX3CL1, CXCL16, proTNF, receptor 
activator of nuclear factor kappa-B ligand (RANKL), pro TGFα or pro heparin binding 
epidermal growth factor (HBEGF) via their metalloprotease activity [40].  ADAM12 is 
the most established ADAM in invadosomes and contributes to invadosome function 
at multiple levels, including ECM degradation, modulation of integrin function, and 
shedding to activate growth factors [41]. The sheddase activity of ADAM12 may 
contribute to the overall degradation activity of invadosomes [42].  A different study 
has shown how invadosomes in dendritic cells can switch protease activity after 
deletion of MT1-MMP towards ADAM17 [43].  
DPP, FAP: Two transmembrane type II serine proteases of the Dipeptidyl-Peptidase 
(DPP) family: Fibroblasts Activation Protein (FAP, FAPa, also known as seprase) and 
DPP4 have also been localized to invadosomes. DPP4 and FAPa contain internal 
exopeptidase activity. Further, it has been shown that FAPa is complexed with DPP4 
at invadosomes [44] and can be associated with D3E1 integrins [45]. Further, the 
gelatinase activity of FAPa is thought to contribute to the invadosome degradation 
activity following MMP1 [46].  
uPAR: urokinase-type plasminogen receptor (uPAR) is reported to be colocalized 
with MMP-9 and MT1-MMP [33].  uPAR is highly expressed during tissue remodeling, 
such as in trophoblast cells in the placenta and in migrating keratinocytes in wounds  
[47]. Further it is able to  enhance vascular smooth cell  invasion by catalyzing the 
conversion of plasminogen to plasmin, a serine protease that degrades fibrin and 
other ECM constituents [48]. In addition, uPAR promotes cell adhesion through its 
direct interaction with the provisional ECM protein, vitronectin [49,50]. The lack of 
transmembrane and cytoplasmic domains makes uPAR incapable of direct signal 
transduction through the plasma membrane but its direct interaction with the integrins 
through the D chain and in complex with Src places uPAR at the heart of signal 
transduction and capable of altering their substrate specificity and modulating their 
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signaling activity [49,51–53]. Interestingly, several signaling functions of uPAR do not 
require its proteolytic activity but are instead associated with cell contractility and 
mechanotransduction through the links with mechanotrasductive players such as 
integrins [53], GPCRs [54], caveolin [55] and JAK-STAT pathway [56]. 
In summary, by causing shedding from the cell surface, proteases may be central in 
regulation of the availability of adhesion proteins, growth factors, and adhesive 
receptors or substrates, thereby directly affecting many aspects of cell signaling and 
mechanotransduction process.  Moreover the activity of proteases might be extended 
to cell signaling and not restricted exclusively to the degradative functions. 
 
Influence of ECM physical properties on degradative activity of 
invadosomes  
High force environment is not a prerequisite for invadosome assembly, as is the case 
for focal adhesions, since invadosomes are able to form even on low traction-force 
RGD membrane bilayers and soft gels. [14,57]. Yet, their degradative activity is 
highly tuned by the rigidity of the ECM, as exemplified in trophoblasts during early 
pregnancy where the extent of matrix degradation by trophoblast invadosomes is 
influenced by gelatin concentration [58]. Further, Alexander et al showed that grown 
cells on soft ECM substrates with a low percentage of gelatin (0.5%) resulted not only 
in lower propensity for invadosome formation but also less gelatin degradation as 
compared to cells grown on ECMs with higher percentages of gelatin [59].  
Importantly, utilization of high-density fibrillar collagen to mimic in vivo cancer 
environments, was sufficient to induce the formation of ECM-degrading invadosomes 
in tumor cells [60]. In addition to ECM stiffness, topological cues, static pressure, and 
injury can also induce invadosome formation [61]. For instance, it has been shown 
that thickness and periodicity of collagen impacts invadosome organization and 
activity as large fibrillar collagen organization of the ECM leads to the formation of 
linear invadosome [62]. Further, in osteoclasts, invadosomes organize into small and 
unstable sealing zones on smooth surfaces versus large stable actin rings on rough 
surfaces [63]. These processes are clearly functionally important as proper bone 
resorption for instance, requires stable  sealing zones for prolonged periods of time 
and these necessitate rough surfaces containing microtopographic obstacles in order 
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to slow down sealing-zone expansion [64]. Besides being mechanosensitive and 
responsive to the topographic changes of the surface, invadosome are also able to 
respond to changes in myosin tension and actin dynamics  by modifying the 
organization and  ability to degrade ECM [59,65]. Labernadie et al. showed that  
single invadosomes are able to generatea protrusion force that increases with ECM 
rigidity, further indicating the intrinsic mechanosensing ability of invadosomes [66]. 
This property relies on the adaptation of invadosome actin filament architecture by 
association with different cross-linkers, like formins and tropomyosins [67]. In that 
respect, formins FHOD1  and INF2 were recently found to regulate different aspects 
of invadosome-associated contractility through the actin cytoskeleton with FHOD1 
mediating actomyosin contractility between invadosomes and INF2 regulating 
contractile events at individual invadosomes [68]. The collaboration of multiple types 
of actin filaments [69] might be specified by their tropomyosin composition such as 
Tpm4.2, Tpm1.8 and Tpm1.9 [70,71]. Further, periodic myosin IIA activity tunes 
invadosome’s intrinsic stiffness throughout their lifespan [72]. The balance between 
actin polymerization in the core and myosin IIA activity in the ring facilitates core 
oscillations [73].  Recently it has been suggested that matrix rigidity differentially 
regulates invadosome activity through distinct ROCK1 and ROCK2-dependent 
signaling pathways via contractile (NM II) and non-contractile (LIMK) mechanisms 
[74].  Finally, invadosomes might be able to adapt the degradative machineries 
according to the biomechanical properties of the changing microenvironment. 
 
Force requirement in degradative activity of invadosome 
Recent studies suggest that mechanical forces play a  crucial role in ECM proteolysis 
thereby raising the question of how this proteolytic sensitivity is achieved [75]. There 
are several ways in which this could be obtained. First, mechanical stimuli can tune 
MMPs expression and activity as exemplified by up-regulation of proteolytic activity of 
MMP-2, -3, -10, -13 and 14, as well as increase in protein levels of MMP-2, -3, -13 
and TIMP-2 after mechanical loading of mesenchymal stem cells leads [76]. Second, 
at higher stress values, cells may switch from a protease-independent to a protease-
dependent invasion through the formation of invadosome-like structures [77]. 
Protease-dependent invasion might result from MT1-MMP processing which is 
increased with shear stress due to an increased activity of proconvertases by shear 
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stress [78]. Moreover, MT1-MMP can not only be affected by force but it is also able 
to modify cellular force generation. Using MT1-MMP depleted skeletal stem cells, 
Tang et al. have shown that MT1-MMP-dependent proteolysis modifies cell shape 
which is necessary for E1-integrin activation responsible for Rho/ROCK activity and 
force generation [79]. Yet, in contrast to focal adhesions, perturbation of cell 
contractility by the myosin II inhibitor, blebbistatin, does not block invadosome 
formation but only its ability to digest surrounding ECM [59]. The modification of 
protease activity by mechanical forces can also be indirect, as is the case for the 
metalloprotease ADAM12. ADAM12 metalloprotease activity leads to increased 
ectodomain shedding of the epidermal growth factor receptor (EGFR) ligand heparin-
binding EGF-like growth factor. The released HB-EGF induces the formation of 
invadosomes [80]. The same work states that ectodomain shedding, resulting from 
the ADAM12 metalloprotease activity, is Notch-dependent and Notch activation 
requires proteolytic sensitivity which is achieved only under application high force 
environment [81]. This suggests a mechanical allostery and force requirement in the 
proteolytic activation of Notch for invadosomes and eventually ECM degradation. 
Force-induced activation of proteolysis may prove to be a new form of 
mechanotransduction. 
 
In addition to local ECM degradation, invadosome generated by the anchor cell in C. 
elegans appear to generate forces that physically shift the ECM. Indeed optical 
highlighting of BM components using  photoconversion of laminin has revealed that 
invadosomes of anchor cell removed the basement membrane underneath allowing  
uterine-vulval attachment [28,82]. The proposed model is that the gap might be 
initiated by MT1-MMP-dependent proteolytic process which is then able to widen by 
protease-independent physical displacement. In that way, limited proteolysis might 
make the BM more pliant for displacement. Finally, coupling of proteolytic process 
with changes in mechanical forces may correspond to either irreversible or reversible 
processes which may cue to optimize the ECM degradation and cell invasion. 
 
Membrane tension and protease activity 
Recent data highlight the importance of membrane tension in the regulation of 
receptors and cytosolic machineries implicated in mechanotransduction [83–87]. 
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Changes in membrane composition and topography are both important regulators of 
biophysical properties of the membrane and therefore might influence the protease 
activity associated with membrane tension. Interestingly, perturbation of lipid raft 
formation, due to depletion or sequestering of membrane cholesterol, blocked the 
invadosome-mediated degradation of the gelatin matrix [88]. The recruitment of 
specific lipids and membrane- deforming proteins can influence the dynamics and 
spatial organization of invadosomes. In this respect, lipids associated with membrane 
curvature, such as phosphoinositides (PtdIns), especially PtdIns(4,5)P2 and 
PtdIns(3,4,5)P3, are reported to regulate the recruitment and binding of several 
invadosome components [89]. Whereas membrane deforming proteins are involved 
in the regulation of proteases is far from elucidated. It has been reported that 
membrane curving protein CIP4 (Cdc42 Interacting Protein 4), which has been 
shown to promote invasion of MDA-MB-231 breast cancer cells [90] plays also role in 
endocytosis of MT1-MMP in a Src-dependent manner [91,92]. Moreover, ADAM12 is 
able to bind the F-BAR protein PACSIN3 which up-regulates the signaling of proHB-
EGF shedding induced by TPA and angiotensin II and is critical for invadosome 
formation [93]. Thus, protease activity is coupled to the expression of a specific lipid 
spectrum and a curved membrane topography and may therefore operate optimally 
under a specific membrane tension regime.  
 
Membrane tension can regulate important mechanosensitive membrane 
invaginations such as caveolae. Indeed, caveolae respond immediately to 
mechanical stress by flattening into the plasma membrane [94]. Caveolae are flask-
shaped invaginations enriched in cholesterol, sphingolipids, and PI(4,5)P2 [95] and 
contain caveolin, a membrane-embedded protein that undergoes oligomerization to 
generate curvature  [96]. Calveolae have been also shown to be involved in 
proteases, such as MT1-MMP, trafficking [97,98]. MT1-MMP interacts with the 
phosphorylated form of caveolin [99] and caveolae are required for proper MT1-MMP 
localization and degradation during cell invasion [97,100,101]. Calveolae are not the 
only case in which membrane tension regulates the cell trafficking. It has been shown 
that membrane tension regulates the balance between exocytosis and endocytosis in 
a number of systems [102,103].  
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Interestingly, previously mentioned uPAR has been recently described as a regulator 
of membrane tension [104], but it may also function by inducing caveolae assembly 
[105]. This process depends on ligand- independent integrin signaling, occurring 
independently of acto-myosin pulling forces but requiring integrin engagement and 
activation[104]. 
When the membrane reservoir is reduced such as during cell spreading, there is the 
two-fold increase in membrane tension, followed by the activation of exocytosis [106]. 
High membrane tension also impairs the  endocytosis [107] which means that 
membrane tension variations are ensuring the full capacity of the membrane 
reservoir. 
 
Mechanosensitive calcium channels and proteases activity in 
invadosomes  
Changes in membrane tension and curvature alter the conformation and distribution 
of mechanosensitive ion channels [108]. Most of the mechanosensitive ion channels 
are Ca2+ permeating ion channels [109,110]. Calcium and signaling molecules 
downstream of the ubiquitous secondary messenger calcium are required for 
invadosome formation and ECM degradation [59,111–113]. Moreover proteases like 
uPAR induce the mobilization of intracellular calcium [114]. However, the role of 
calcium signaling in degradative activity of invadosome is just emerging. Interestingly, 
the Ca2+concentration can fluctuate greatly when a cell sense different substrate 
rigidities [115]. This fluctuation is controlled by mechanosensitive ion channels, which 
are part of the intrinsic force measurement system that generates Ca2+ gradients and 
promotes the entire migration process [116]. 
Most cells mobilize their Ca2+ signals via the Ca2+ entry across the plasma 
membrane and/or the Ca2+ traffic between cytoplasm and intracellular stores such as 
endoplasmic reticulum (ER) [117]. Ca2+ entry across the plasma membrane occurs 
via several distinct pathways, including voltage-operated Ca2+ channels (VOCCs), 
store-operated Ca2+ (SOC) channels and transient receptor potential channels (TRP) 
[118–120]. Many reports have revealed how Ca2+ forms gradients via TRPM7, 
channel localized in invadosomes and activated by membrane stretching or under 
shear stress [121,122]. TRPM7 consists in the fusion between a cation channel and a 
functional C-terminal serine/threonine protein kinase domain [123] and controls 
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actomyosin dynamics by phosphorylation of tropomodulin 1 and MHC-II isoforms A–
C [124,125]. Activation of TRPM7 by bradykinin leads to a Ca2+- and kinase-
dependent interaction with the actomyosin cytoskeleton and transformation of focal 
adhesions into invadosomes in a kinase-dependent mechanism [125]. TRPM7 
silencing also increases the ratio of MMPs/TIMPs by increasing MMP-13 expression 
and decreasing TIMP-1 and TIMP-2 levels [126]. Blocking of TRPM7 also decreased 
MMP-2 protein expression [127]. However ER might be also the source of calcium 
necessary for invadosome function. Sun et al. have reported that calcium oscillations 
through the store-operated Ca2+ channels Stim and Orai stimulate melanoma 
invasion by promoting invadosome assembly and ECM degradation by activating Src. 
Further, Stim1 and Orai1 might regulate the proteolysis activity of individual 
invadosomes by impacting   the recycling of MT1-MMP [111]. However Stim1 and 
Orai can heteromultimerise with members of mechanosensitive channels such as 
TRPC1 and TRPV4. Stim1 translocates TRPC1 into the cell membrane to activate 
calcium influx and only by the help of Stim1, TRPC1 becomes a functional channel 
[128,129]. It has been shown that actin and microtubule remodeling results in 
inhibition of store operated calcium entry  (SOCE) [130], which supports that 
actomyosin is able to modulate ER dynamics [131,132]. By compartmentalizing Ca2+ 
signals into spatio-temporal patterns, cells are able to activate selective downstream 
signaling events at a defined time and subcellular location. Altogether these data 
bring insight into the importance of spatiotemporal organization of Ca2+ signals for the 
focalized degradative activity of invadosomes. 
 
Mechanosensitive sodium channels as protease regulators through 
pH and osmotic pressure oscillations in invadosomes 
The low extracellular pH of tumoral environment raises the question whether 
mechanical force can affect BM degradation through oscillations in pH. In that 
respect, mechanosensitive sodium channels can locally modulate tumoral pH, which 
tends to be quite acidic [133–135]. Moreover sodium channels are involved in 
regulation of osmotic pressure [136] and consequently membrane tension. It has 
been reported that protease activity is dependent on Na+/H+ exchanger 1 (NHE1)-
driven extracellular acidification during cell invasion [137,138]. Consistently, NHE-1 
has been described to regulate invadosome-mediated matrix degradation through 
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acidification of the nanospace surrounding invadosome [139,140]. Further, NHE1 has 
been shown to be activated in response to stretch [141] and osmotic stress in a PKC-
dependent manner [142]. Further, membrane stretching increases the magnitude and 
kinetics of voltage-activated Na+ currents [143,144]. Additionally, gating of voltage 
gated sodium channel (VGSC) Nav1.5 [145] is involved in breast cancer 
invasiveness by increasing the activity of acidic cysteine cathepsins through the 
acidification of the pericellular microenvironment [146,147]. Nav1.5 might be sensitive 
to cell tension by interacting with NHE-1 in caveolin-1-localized in invadosomes [148]. 
Nav1.5 is also responsible for the allosteric modulation of NHE-1, thus enhancing the 
proteolytic activity of invadosomes. By contrast, VGSC blockers decrease the 
invasive potential of cell by reducing the activity  of proteases such as cathepsin E, 
kallikrein-10 and MMP-7, as well as total MMP[149]. Another stretch activated 
sodium channel Nav1.6 has been also reported to affect invadosomes activity since 
its blockade prevents ECM degradation by macrophages and melanoma cells [150]. 
Not only ion channels can affect invadosome dependent matrix degradation but the 
MMP proteolysis can affect the clustering of the ion channels such as in the case of 
MMP9 proteolysis that has been shown also to regulate the cell surface levels of 
some VGSC [151].  
 
Future directions 
Clinical trials that targeted MMPs in late-stage cancer patients failed to increase 
survival, likely due to the lack of specificity of inhibitors [15,152]. Better understanding 
of the regulation of proteases by forces and mechanosensitive players at 
invadosomes could improve the specificity of these drugs. Ion channels are 
specifically interesting targets since many of them have already specific activators 
and inhibitors and several of them have already been linked to other ECM receptors 
such as integrins. We also propose to change the focus of ion channels from simply 
ion permeating devices into more complex machinery that links different signaling 
complexes (such as mechanosensitive complexes with adhesion system) while at the 
same time fine tunes them by permeating ions as secondary messengers. The 
complexity of these processes in cell invasion is just emerging.  
The next step should be also to investigate if and how the change of the environment 
during ECM degradation acts as a feedback for MMP activity tuning. It is thinkable 
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that change of environmental force upon ECM degradation might act as retro-control 
loop to down regulate ECM membrane degradation.  
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Figure legend 
Figure 1. Schematic view of the mechanosensitive signaling pathways involved 
in ECM degradation. Functional interplay between mechanosensitive proteins (ion 
channels, integrins and F-BAR containing proteins) and proteases involved in ECM 
degradation via invadosome. In the upper invadosome is depicted the change in pH 
in the environment and related influx of sodium. The presence and the 
compartmentalization of calcium current is depicted on the lower part of the scheme. 
Abbreviations: MMP: matrix metalloproteinases; H+: hydrogen ion; Na+ sodium ion; 
VGSC: voltage gated sodium channels; NHE-1: Na+/H+ exchanger 1; DPP4: 
Dipeptidyl-Peptidase; FAPa; Fibroblasts Activation Protein a; EGFR: epidermal 
growth factor receptor; ADAM: A Disintegrin And Metalloproteinase; HB-EGF: ligand 
heparin - epidermal growth factor; uPAR: plasminogen activator receptor; Src: non-
receptor tyrosine kinase;  Ca2+; calcium ion; STIM1: Stromal interaction molecule 1; 
ER: endoplasmatic reticulum; Orai1 : Calcium release-activated calcium channel 
protein 1 ; MT1-MMP : membrane-tethered matrix metalloproteinases; TRPM7 ; 
Transient receptor potential melastatin ion channel 7 
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